The effects of 50 µM cadmium (Cd) or copper (Cu) ions on the supramolecular conformation of the light-harvesting pigment-protein complex of PSII (LHCII) isolated from rye seedlings were studied. It was found that the action of these two metal ions on the LHCII structure and organization is dissimilar. The Fourier transform infrared (FTIR) measurements indicated inhibition or stimulation of formation of parallel β -structures and aggregates in the presence of Cd or Cu ions, respectively. The Chl a fl uorescence excitation spectra of LHCII extracted from Cd-treated plants showed that the decreased aggregation of complexes was correlated with a decline in effi ciency of quenching of excitation energy. From the results of mass spectrometry, changes in LHCII aggregation in the presence of Cd ions might be based on decreases in the molecular mass of Lhcb1 and Lhcb2 proteins. An increase in the content of LHCII aggregates under Cu ion excess was associated with changes in the LHCII xanthophyll pigment pool. In the complexes isolated from Cu-treated plants, all-trans violaxanthin and 9 ′ -cis neoxanthin content declined and the simultaneous appearance of the fraction of 9-cis violaxanthin was observed. 9-cis violaxanthin formation under Cu ion excess might facilitate LHCII inter-trimer interaction and, therefore, aggregation of complexes. RLS (resonance light scattering) spectra indicated that the excitonic interaction between Chl molecules and between Chls and xanthophylls was responsible for the effective dissipation of excitation energy in LHCII isolated from Cu-treated plants. Also, changes in singlet excitation energy transfer between carotenoids and Chls under the action of heavy metals were observed.
Introduction
The harvesting of solar energy by the antenna pigments is the main process making it possible for photosynthetic organisms to function. LHCII is the main light harvesting pigment-protein complex of PSII which absorbs light energy and transfers it to the reaction center. The native form of LHCII is a trimer composed of three Lhcb proteins: Lhcb1, Lhcb2 and Lhcb3 ( Luciński and Jackowski 2006 ) . Lhcb1 constitutes the transmembrane α -helices of LHCII monomer, named A, B and C, and also two short α -helices referred to as D and E. This protein has the N-terminus of the molecule facing the stroma and the C-terminus penetrating the lumen. Each Lhcb1 binds eight Chl a , six Chl b and xanthophylls: one neoxanthin, one violaxanthin and two luteins ( Liu et al. 2004 , Luciński and Jackowski 2006 ) . The amino acid composition of Lhcb1 is 94 % identical to that of Lhcb2 ( Standfuss et al. 2005 ) . Lhcb2 occurs in vivo as a heterotrimer with Lhcb1. Lhcb3 constitutes the smallest fraction of LHCII proteins, not exceeding 11 % of the total apoprotein content of LHCII, and differs from Lhcb1 and Lhcb2 in its structure ( Luciński and Jackowski 2006 ) . The LHCII complex plays the main role in the dynamic regulation of the natural antenna system in order to maximize energy absorption efficiency or to protect from overexcitation of the reaction centers and the entire antennae. Under such conditions, a molecular mechanism based on thermal energy dissipation is activated. Formation of LHCII aggregated structures has a crucial function in photoprotection ( Cogdell 2006 , van Oort et al. 2007 ), but the character of aggregates is currently not fully known. Excitation traps have been reported to be formed upon light-induced structural transformation of the LHCII complex ( Jennings et al. 1991 , Barzda et al. 1999 . It has been shown that
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rotation of lutein 620 toward the Chl a dimer results in formation of a pigment heterotrimer and subsequent LHCII aggregation ( Yan et al. 2007 ). Additionally, specifi c distortion of the neoxanthin molecule may refl ect its signifi cant role in the assembly of the LHCII trimers ( Ruban et al. 2000 , Ruban et al. 2002 , Miloslavina et al. 2008 . LHCII oligomerization may also be connected with light-driven uncoupling of violaxanthin from the antenna complex ( Gruszecki et al. 2009a ) . Another postulated photoprotective mechanism is directly related to formation of a Chl-zeaxanthin heterodimer ( Holt et al. 2005 ) . Gruszecki et al. (2009c) showed that the photoprotective mechanism is driven by blue light and occurs within trimeric forms of LHCII. This LHCII organization is responsible for efficient singlet excitation quenching.
Plants living in the natural environment are subject to the action of different harmful factors. Among them, there are heavy metal pollutants such as cadmium (Cd) and copper (Cu). Cd is a divalent ion released into the environment by power stations, heating systems, metal-working industries and as a product of phosphate fertilizers. Cu differs from Cd in its natural occurrence in plant organisms. This micronutrient plays a regulatory role in photosynthetic electron transport as part of the polypeptides involved in the electron transport chain ( Maksymiec 1997 ) . However, Cu excess in the chloroplasts can become quite toxic. It is spread to the natural ecosystem by agriculture, industry and mining. Cd and Cu excess inhibit processes of photosynthesis by direct and indirect toxic effects on the structure, composition and functionality of PSII or PSI, and the structure and organization of the LHCII complexes contained therein ( Yruela et al. 2000 , Küpper et al. 2002 , Drzewicka-Matuszek et al. 2005 , Maksymiec et al. 2007 , Fagioni et al. 2009 ). In this context, perturbation of light absorption and photoprotective dissipation of excess excitation energy has a fundamental signifi cance in the aspect of plant functioning.
In the present study, the results of experiments designed to elucidate the nature of infl uence of Cd and Cu excess on the LHCII molecular organization are described.
Results
The mode of the LHCII aggregation under heavy metal stress was analyzed with the Fourier transform infrared (FTIR) technique. Fig. 1 shows infrared (IR) absorption spectra in the amide I region of the LHCII complexes isolated from the control and the Cd-or Cu-treated plants. The maximum of the band is located at 1,650 cm − 1 and corresponds to the principal α -helical component of the protein secondary structure. In addition, the Gaussian deconvolution components of the amide I region indicate the bands located at 1,693 and 1,626 cm − 1 formally corresponding to the parallel and antiparallel β -structures. These bands are not a part of the LHCII monomer structure but their occurrence is assigned to supramolecular structure of LHCII expressed as LHCII aggregation ( Gruszecki et al. 2009b ). The bands located at 1,677 and 1,610 cm − 1 attributed to turns and protein aggregates are also observed. Heavy metal-induced Fig. 1 Infrared absorption spectra normalized at 1,647 cm − 1 of LHCII in the amide I region recorded from the LHCII samples isolated from the control (A), Cd-treated (B) and Cu-treated (C) plants. The components correspond to the α -helical structures (band centered at 1,647 cm − 1 ), the β -sheet structures (band centered at 1,625 cm − 1 ) and aggregated structures (band centered at 1,611 cm − 1 ). The Gaussian components: β -sheet structures ( β ), aggregates (A), α -helical structures ( α ) turns and loops (T), antiparallel β -sheet structures ( β AP ) and the aggregation level calculated as A A T AP + + + + + AL = ( )/( ) β β α β are shown in each panel. The original spectra (solid line), the fi tted spectra (dashed line) and the Gaussian components (solid line) are presented. * * Signifi cant differences from the control at the P ≤ 0.01 level.
changes in the content of the protein forms involved parallel β -structures (1,626 cm − 1 ) and aggregates (1,610 cm − 1 ). The ratio ( )/( ) β β α β + + + + + A A T AP of the areas beneath the Gaussian components: β -sheet structures ( β ), aggregates (A), α -helices ( α ), antiparallel β -sheet structures ( β AP ) and turns and loops (T) represents the aggregation level (AL) of the LHCII samples, decreased upon the presence of Cd. The value of the AL parameter is evidently higher for the LHCII complex isolated from the Cu-treated plants, compared with the control plants. IR spectra of the LHCII complexes, normalized with the area of the whole amide I band, and their different spectra ( Fig. 2 ) indicate that LHCII disaggregation under Cd stress is connected to a decline in the parallel β -sheet structure content (band centered at 1,626 cm − 1 ). Interestingly, excess Cu ions cause an increase in the form attributed not to the parallel β -sheet structure but to aggregates, whose band is located at 1,610 cm − 1 .
The LHCII aggregation level in the presence of heavy metals was also examined on the basis of the 77 K Chl a fl uorescence emission spectra ( Fig. 3 ) . The low temperature spectra display two prominent bands centered at 680 and 700 nm. The fi rst band is characteristic of the LHCII trimers, while the second band is typical of their aggregated forms ( Ruban et al. 1994 , Gruszecki et al. 2006 . The ratio of the areas beneath the Gaussian components at 700 nm (A) and 680 nm (T) represents the aggregation level (A T / ). This ratio is evidently higher in the LHCII complexes isolated from the Cu-treated plants (226 % of the control). In the case of Cd treatment, the A T / ratio value comprises 73 % of the control value.
Cd or Cu application did not have an impact on the content of lutein located inside the LHCII monomer ( Fig. 4 ). In the control plants, the ratios of all-trans violaxanthin and of 9 ′ -cis neoxanthin to lutein per protein monomer were 0.12 and 0.30, respectively. These values correspond to the literature data ( Lee and Thornber 1995 ) . The presence of Cd did not change the all-trans violaxanthin and 9 ′ -cis neoxanthin concentration. In the Cu-stressed plants, the all-trans violaxanthin content declined by 88 % and that of 9 ′ -cis neoxanthin by 69 % of the control. Additionally, an especially strong increase in the 9-cis violaxanthin fraction was observed.
The polypeptide composition of the LHCII complexes isolated from the control and the treated plants was recognized by SDS-PAGE analysis ( Fig. 5 ). Immunodetection showed domination of Lhcb1 and Lhcb2 proteins in each type of the LHCII samples, with minor presence of Lhcb3. Upon Cd action, the Lhcb1 and Lhcb2 mass decreased, but this did not occur under Cu excess ( Fig. 5B ). The tandem mass spectrometry (MS/MS) analysis confi rmed adherence of these proteins to the Lhcb family (data not shown).
For a precise determination of the protein mass of Lhcb1, Lhcb2 and Lhcb3, separation of the LHCII proteins was performed with the HPLC-electrospray ionization-mass spectrometry (HPLC-ESI-MS) technique ( Fig. 6 ). Qualitative mass spectrometry of control LHCII ( Fig. 6A ) revealed two isoforms of Lhcb1 (24, 836 and 24, 670 Da) , and one of Lhcb2 (24,628 Da) and Lhcb3 (24,293 Da). These masses closely correlate with the molecular masses of the major Lhcb proteins determined previously for Secale cereale plants ( Zolla et al. 2003 ) . Cd ions diminished the masses of the Lhcb1 isoforms and of Lhcb2 to 23,792, 23,739 and 24,136 Da, respectively, but did not change the Lhcb3 mass ( Fig. 6B ) . Because of the lack of cDNA sequences of Lhcb genes from S. cereale plants, these proteins were not identifi ed conclusively. MS/MS analysis of these proteins only
Fig. 4
The ratio of all-trans violaxanthin to all-trans lutein, 9 ′ -cis neoxanthin to all-trans lutein and 9-cis violaxanthin to all-trans lutein determined in the LHCII complexes isolated from the control (A), Cd-treated (B) and Cu-treated (C) plants. * * * , * * Significant differences from the control at the P ≤ 0.001 and P ≤ 0.01 levels, respectively. confi rmed their membership in the Lhcb family (data not shown). Two particularly intensive bands located at 955 and 965 cm − 1 were observed in the ν 4 region of the Raman scattering spectra of LHCII ( Fig. 7 ) . After Cu excess, the bands located at 954, 964 and 975 cm − 1 were relatively highly intensive. Fig. 8 presents the resonance light scattering (RLS) spectra of the LHCII complexes isolated from the control and the treated plants. The spectra display two distinct maxima, at approximately 530 and at 697 nm in the short and long wavelength region, respectively. The level of light scattering dropped after Cd treatment, compared with the control level, but increased after adding Cu.
To determine the heavy metal effect on the participation of the photosynthetic pigments in energy transfer within LHCII, the Chl a fl uorescence excitation spectra were recorded and compared with 1 − T (one minus transmission) spectra ( Fig. 9 ) . The spectra were normalized at 600 nm corresponding to direct excitation of the Q x band of Chl a and Chl b .
The Chl a fl uorescence emission spectra of the LHCII complexes isolated from the control and the treated plants, excited at 440 and 470 nm and detected at room temperature, possess one band with the maximum at 680 nm ( Fig. 10 ) . The parameter Φ was calculated on the basis of the absolute Chl a fl uorescence emission spectra recorded at room temperature ( Fig. 10 ) . The Φ value rose in the presence of Cd and dropped in the presence of Cu in comparison with the control.
Discussion
IR absorption spectra indicate various effects on the level of LHCII aggregation in plants treated with Cd and Cu ( Fig. 1 ) . Cd ions decrease the LHCII aggregation but Cu ions induce LHCII aggregate formation. It was reported recently that the band centered at 1,610 cm − 1 is attributed to the minor polypeptide fragments (e.g. the α -helix D and E, the N-terminal peptide or the interhelical loops; Gruszecki et al. 2009b ) which are involved in the intermolecular interaction between neighboring LHCII trimers. An increase in the intensity of this band ( Fig. 2 ) correlated with the higher LHCII aggregation level suggests that the mechanism of aggregation of complexes under Cu ion excess is based on interactions between the minor protein fragments. The spectral component at 1,626 cm − 1 represents a β -sheet structure which is stabilized by hydrogen bonds between C=O and N-H groups of residues of neighboring α -helices. A decrease in the intensity of this band ( Fig. 2 ) and the LHCII aggregation level under Cd stress indicate disturbance of the interaction between the trimer-forming monomers. A decrease in the fraction of β -structure was previously observed in heavy metalstressed thylakoid membranes ( Szalontai et al. 1999 ) . Changes in the LHCII aggregation level in the presence of heavy metal are also supported by Chl a fl uorescence emission measurements ( Fig. 3 ). The fall in the A T / parameter value under the Cd stress condition indicates trimerization of the LHCII complexes, and an increase in the A T / parameter value in the presence of Cu ions attests to the complex aggregation. It is very likely that the long wavelength emission band at 700 nm attributed to the aggregated form is responsible for the excitation energy dissipation ( Gruszecki et al. 2006 ) . Thus, the changes in fl uorescence intensity at 700 nm in the case of the treated plants provide evidence for modifi cation of the effi ciency or mode of energetic trap creation. In order to elucidate the cause of the changes in the LHCII aggregation level in heavy metal-treated plants, the LHCII xanthophyll fraction and protein composition were examined ( Figs. 4 , 5 ) . The latest research demonstrates that xanthophylls such as zeaxanthin and violaxanthin play a signifi cant role in the interaction between LHCII trimers ( Horton et al. 1991 , Ruban et al. 1994 , Gruszecki et al. 2006 ). Cd did not infl uence the LHCII xanthophyll pool but caused a decrease in the molecular masses of Lhcb1 and Lhcb2 protein ( Fig. 6 ). Sequence analysis may be useful in identifi cation of the sites of Lhcb1 and Lhcb2 modifi cation, but these measurements are beyond the scope of the paper. On the basis of the fi ndings by Fagioni et al. (2009) , who observed a decrease in transcript accumulation of Lhcb1.1 mRNA in Cd-treated spinach leaves, it can only be speculated that the changes in the masses of these proteins are caused by post-translational or gene expression modifi cation. The lack of distinct changes in the pigment pool of the LHCII upon Cd treatment indicates non-signifi cant modifi cations in the binding sites of pigment molecules on the LHCII protein skeleton. This result suggests that the observed decrease in Lhcb1 and Lhcb2 mass may result from cleavage of their N-and C-terminal ends or the small molecular fragment such as α -helix D. In Cu-treated plants, the molecular mass of the major Lhcb proteins did not change ( Fig. 6 ), which might in part ensue from the lack of the effect of this metal on the expression of the Lhcb gene ( Atienza et al. 2004 ) .
It is very likely that the strong LHCII aggregation under the action of Cu ions is connected with violaxanthin all-trans to 9-cis isomerization. Complexes isolated from the Cu-treated plants contained 9-cis violaxanthin but this cis isomer did not occur in our native complex. It is possible that 9-cis violaxanthin binds to the LHCII complex in the N1 locus, which is supported by the decrease in the 9 ′ -cis neoxanthin fraction. Such replacement results from a very similar structure of the molecule of both these pigments based on the L-shape confi guration. Previously, LHCII complexes containing 9-cis violaxanthin were isolated from Cuscuta refl exa ( Snyder et al. 2004 ) and they were observed in the whole leaves of Cd-treated S. cereale plants ( Janik et al. 2008 ). Binding of 9-cis violaxanthin in the N1 locus results in its peripheral localization in relation to the LHCII trimer, which facilitates the interaction of pigment molecules adhering to the neighboring trimers ( Ruban et al. 2002 , Lambrev et al. 2007 ). An increase in the ν 4 region intensity in Raman scattering spectra provides evidence for strong pigment molecule distortion ( Fig. 7 ) . The 940-990 cm − 1 frequency region, named ν 4 , arises from the C-H out-of-plane wagging modes. When the carotenoid molecule is planar, these modes are not active in Raman scattering. Distortion of pigment confi guration induced by rotation around the C-C bond results in an increase in coupling of C-H wagging modes with Ramanactive vibration modes and, consequently, in the spectrum intensity. Changes in the N1 locus induced by modulation of 9-cis violaxanthin conformation may infl uence the excitonic interactions between Chl chromophores coupled with this xanthophyll-binding site. The relatively increased intensity of the ν 4 band may also be attributed to the presence in the LHCII preparation of stereo-isomeric forms of violaxanthin ( Gruszecki et al. 2009a ). It should not be excluded that one twisting lutein molecule with a red-shifted absorbance maximum (located at 510 nm) participates in the LHCII oligomerization ( Ruban et al. 2000 ) . LHCII aggregation is connected with changes in the ν 4 band shape. An increase in the mode at 958 cm − 1 indicates LHCII oligomerization ( Ruban et al. 2000 ) . Thus, the reonance Raman spectra of LHCII isolated from the treated plants, in comparison with the control plants, showed trimeric and oligomeric LHCII organization in the presence of Cd and Cu, respectively.
The changes in the LHCII complex structure were correlated with modifi cation in LHCII functions. Complexes isolated from the Cu-treated plants are able to scatter light energy effectively in comparison with the LHCII complexes isolated from the Cd-treated plants. This scattering is related to excitonic interaction between photosynthetic pigments. Such an effect can be concluded to occur from the fact that the band observed at 697 nm ( Fig. 8 ) is assigned to the excitonic interaction of Chl pigments and contributes in effective energy dissipation under overexcitation conditions ( Parkash et al. 1998 , Gruszecki et al. 2006 , Bode et al. 2009 ). It can also be concluded that xanthophylls participate in energy scattering because of the presence of the band at 532 nm assigned to the aggregationinduced red-shifted bands of the Soret region. Restricted dissipation of excitation energy in the presence of Cd (as concluded on the basis of analysis of fl uorescence spectra) may be induced by disturbance of quenching center formation or inhibition of vibrational transfer of thermal energy between pigments and the protein skeleton as hypothesized previously ( Gruszecki et al. 2009a ). These modifi cations can be caused by incorrect binding of Chl molecules to the protein matrix. This phenomenon may result from the Cd-induced changes in LHCII protein conformation or, on the other hand, from Mg ion substitution by heavy metal. It is known that such substitution may induce conformational changes in the pigment-protein complex ( Küpper et al. 1996 , Küpper et al. 2002 . Fig. 9 presents a comparison of 1 − T (one minus transmission) spectra and Chl a fl uorescence excitation spectra of LHCII isolated from the control and the Cd-or Cu-treated plants. The spectra were normalized at 600 nm corresponding to direct excitation of the Q x band of Chl a and Chl b . The difference between the 1 − T and excitation spectra, observed in the case of the control, can be attributed to pronounced light scattering in the aggregated protein ( Fig. 8 ) . Much greater differences observed in the case of the LHCII isolated from Cd-treated and, in particular, Cu-treated plants indicate affected singlet excitation energy transfer between carotenoids and Chls and excitation quenching in the energy levels corresponding to the Soret region. The latter effect is particularly pronounced in the case of a sample isolated from Cu-treated plants. It is possible that the excitonic energy levels, manifested by an RLS band between 500 and 600 nm ( Fig. 8 ) , is responsible for enhanced excitation quenching in the blue spectral region. Modifi cation of the excitation energy transfer was similarly observed in Pb-treated chloroplasts of spinach ( Wu et al. 2008 ) . Analysis of the Chl pigment content in the LHCII complexes did not show changes of the Chl pool under Cd and excess of Cu ions in rye. The molar ratio of Chl a to Chl b was 1.3, indicating pigment content that is typical of the intact LHCII complexes. Therefore, the alteration in fl uorescence excitation spectra may derive from the perturbation of the excitation energy transfer.
The value of parameter Φ calculated on the basis of the absolute Chl a fl uorescence emission spectra recorded at room temperature ( Fig. 10 ) and the level of fl uorescence intensity of excitation spectra ( Fig. 9 ) demonstrate that heavy metals affect the ability of LHCII to quench fl uorescence. The effi ciency of this process was enhanced by Cu ions and reduced under Cd stress, which may result from the heavy metal-induced changes in the LHCII aggregation level. Because of localization of the single maximum at 680 nm and lack of a separate band in the short wavelength region in the Chl b emission spectra ( Fig. 10 ) , one can conclude that energy absorbed within the LHCII complex is properly transferred from Chl b to Chl a .
The results presented above referring to changes in the LHCII supramolecular organization and its effectiveness in energy quenching caused by heavy metals are in agreement with the results obtained from measurements of the kinetics of Chl a induction for whole S. cereale leaves. Cd ions decreased the photochemical yield of PSII and the level of energy quenching within antennae complexes (seen as a decrease in the SternVolmer parameter value, data not shown). In contrast, processes associated with electron transport and excitation energy dissipation within antenna increased upon Cu treatment.
The results obtained in this work allowed characterization of the infl uence of Cu and Cd stress on the LHCII complex structure and organization. It can be concluded that the action of these two metal ions is dissimilar. The presence of Cd, which represents elements having no biological function and is known to be toxic at low concentrations, inhibits formation of LHCII aggregates stabilized by inter-trimer hydrogen bonds. This effect results in perturbation of the photoprotective capability of the complexes. The mass spectrometry data showed that the mechanism of the harmful effect of Cd stress on the yield of excitation energy quenching in LHCII may be based on the LHCII structure modifi cation originating from the Lhcb1 and Lhcb2 mass protein changes. When in excess, Cu, which is an essential micronutrient, leads to modifi cation in the LHCII content of xanthophyll pigments but not to changes in the Lhcb proteins mass. 9-cis violaxanthin formation promoted under excess Cu ions may be responsible for the specifi c strong oligomerization of LHCII with participation of minor protein fragments. This antennae organization is associated with creation of effective energy excitation dissipating centers within the LHCII aggregates.
Materials and Methods

Plant material and growth conditions
Secale cereale L. cv. Pastar was cultivated hydroponically in a climate chamber with a 16 h daylight photoperiod, photosynthetic photon fl ux density (PPFD) of 150 µmol m − 2 s − 1 and 24/16 ° C day/night temperature. After 4 d, the nutrient solution was changed to a fresh one and 50 µM 3CdSO 4 · 8H 2 O or CuSO 4 · 5H 2 O was added. Seven days after Cd or Cu addition, LHCII was isolated from fresh leaves of the control and the heavy metal-treated plants according to a method slightly modifi ed from that described by Krupa et al. (1987) . The leaves were initially ground in a mixture containing 20 mM Tricine and 0.4 M sorbitol (pH 7.8) and centrifuged for 5 min at 4 ° C and 5,000 × g . Next, the pellet was re-suspended in 20 ml of 20 mM Tricine (pH 7.8) to a Chl concentration of 0.8 mg ml − 1 . Triton X-100 was added from a 5 % (w/v) stock solution to a fi nal concentration of 0.7 % (v/v). The suspension was incubated for 30 min at 21 ° C under continuous stirring. After centrifugation of the suspension for 40 min at 30,000 × g , the supernatant was mixed with 1 M KCl and MgCl 2 to a fi nal concentration of 100 mM KCl and 20 mM MgCl 2 . The precipitated LHCII was purifi ed by 10 min centrifugation at 10,000 × g on a sucrose gradient. To obtain high purity of the preparation, the step involving protein precipitation by Triton X-100 was repeated and followed by a 40 min centrifugation at 30,000 × g on a sucrose gradient. Next, the LHCII complexes were suspended in 20 mM Tricine buffer (pH 7.8) and were stored at − 80 ° C. The Chl a /Chl b molar ratio in the preparation was about 1.3 in the LHCII isolated from the control and Cd-or Cu-treated plants. The Chl concentration was measured in 80 % acetone according to Lichtenthaler (1987) . Spectroscopic measurements were performed at a Chl concentration of 40 µg ml − 1 .
Infrared absorption measurements (FTIR)
Attenuated total refl ection (ATR)-FTIR spectra were recorded with an FTIR spectrometer, model Vector 33 from Bruker (Germany). The internal refl ection element was a ZnSe crystal (45 ° cut) yielding 10 internal refl ections. The ATR crystal was cleaned with organic solvents. At 1 h before and during all measurements the instrument was purged with dry argon. Directly before the experiments, the LHCII was centrifuged with 10 mM HEPES buffer (pH 7.6) for 10 min at 15,000 × g . Next, the pellet was transferred to heavy water. Liquid samples were deposited on a ZnSe crystal by partial evaporation. In general, such a system has been proved to provide data on protein structure properties ( Goormaghtigh et al. 1999 ) . The spectra were recorded in the region between 4,000 and 400 cm − 1 at a resolution of one data point every 1 cm − 1 in darkness and in an argon atmosphere. A clean crystal spectrum was used as the background. Typically, 10 interferograms were collected, averaged and Fourier transformed. All measurements were done at 21 ° C. Spectral analysis was performed using OPUS software (Bruker, Germany) and Grams 32 software from Galactic Industries (USA). More details of the FTIR technique are described elsewhere ( Gagoś et al. 2005 , Sujak et al. 2007 , Hereć et al. 2008 ).
Absorption and fl uorescence measurements
Fluorescence measurements were carried out with a Cary Eclipse spectrofl uorometer produced by Varian (Australia). All spectroscopic measurements were recorded from LHCII samples in 10 mM HEPES buffer, pH 7.6. The Chl a emission spectra were measured at 20 ° C or 77 K. The excitation and emission slits were 5 and 2.5 nm, respectively (the excitation wavelength was at 440 nm). The fl uorescence excitation spectra were collected at 20 ° C. The excitation and emission slits were 2.5 and 5 nm, respectively (the emission wavelength was at 680 nm). The 77 K fl uorescence spectra were detected with the system described previously ( Grudziński et al. 2001 ) . The RLS spectra were measured in a synchronous mode of the spectrofl uorometer with the excitation and emission slits at 1.5 nm. All the spectra were corrected for lamp intensity and photomultiplier sensitivity. The 1 − T spectra were calculated on the basis of the absorbance spectra of the LHCII complexes, measured by use of the PC-160A spectrophotometer produced by Shimadzu (Japan).
Xanthophyll analysis by HPLC
Before the experiments, the LHCII sample was centrifuged for 5 min at 15,000 × g . Next, the pellet was dissolved in acetonitrile : methanol (72 : 8, v/v). Xanthophyll pigments were analysed chromatographically by an HPLC technique. A C-30 fi lled, phase-reversed HPLC column (4.6 × 250 mm) was applied with a solvent system of acetonitrile : methanol : water (72 : 8 : 3, by vol.) as the mobile phase with a fl ow rate of 0.5 ml min − 1 . A Spectra Series UV100 spectrophotometer (Thermo Separation Product) with absorption set at 445 nm was used as the detector. In addition, a diode-array Hewlett Packard spectrophotometer, model HP 8453, was used to record online absorption spectra between 280 and 900 nm at 10 s intervals. The chromatograms were integrated using a Data Jet Integrator (Thermo Separation Product). Xanthophylls were identifi ed on the basis of retention times and UV-visible absorption spectra. For more details see Niedźwiedzki et al. 2005 .
Raman spectroscopy
Raman experiments were carried out with inVia Refl ex Raman Microscope (Renishaw, UK) equipped with two holographic ultrahigh precision diffraction grating stages and a high sensitivity ultralow noise CCD detector. Excitation at 514.5 nm was provided by an argon ion laser. Raman scattering spectra were collected from the liquid samples placed in the 0.2 mm quartz cuvettes. The spectra were corrected by subtracting the fl uorescence background signal. For more details see Gruszecki et al. (2009a) .
SDS-PAGE and immunodetection
The SDS-PAGE procedure was performed according to Laemlii (1970) using gels with 14-20 % (w/v) acrylamide, 0.2-0.4 % (w/v) N , N ′ -methylenebisacrylamide, 0.1 % (w/v) SDS, 12-17 % (w/v) sucrose and 420 mM Tris-HCl (pH 9.2). A 5-15 µl aliquot of LHCII suspension was denaturated in a mixture containing 290 mM sucrose, 0.9 M mercaptoethanol, 2.5 % (w/v) SDS, 0.1 % (w/v) bromophenol blue and 65 mM Tris-HCl (pH 9.0). The samples containing 2 µg of Chl were loaded in each well. Electrophoresis was conducted with running buffer containing 12.5 mM Tris (pH 8.3), 96 mM glycine and 0.1 % (w/v) SDS in a Hoefer SE400 electrophoresis cell. The gels were run overnight at 7.5 mA per gel.
Separated proteins were transferred to a polyvinylidene fl uoride (PVDF) membrane (Bio-Rad). Protein electrotransfer was performed for 45 min at 100 V and 400 mA in buffer: 192 mM glycine, 10 % (v/v) methanol and 25 mM Tris (pH 8.3). The membrane was then blocked with non-fat dry milk and incubated in the presence of primary (Agrisera) and secondary antibody conjugated with anti-rabbit alkaline phosphatase.
Mass spectrometry
Proteins from the LHCII complex were extracted by detergent (RapiGest ™ , Waters) treatment and subsequent acetone precipitation. Just before HPLC-ESI-MS analysis, the samples were dissolved in aqueous 60 % (v/v) formic acid. Reverse-phase liquid chromatography was performed using a Waters 600 HPLC system and the poly(styrene-divinylbenzene) co-polymer (Polymer Labs PLPR/S; 5 µm × 300 Å; 2.1 × 150 mm) stationary phase column. The proteins were eluted at a fl ow rate of 0.04-0.12 ml min − 1 at 30 ° C in a stepped acetonitrile linear gradient with 0.1 % aqueous formic acid. Mass spectra between 200 and 2,000 m/z were recorded in a positive mode on a Waters-Micromass ZQ quadrupole mass spectrometer with an electrospray ion source. Protein molecular masses were determined on the basis of the collected mass spectra using MassLynx v3.5 software (Waters-Micromass).
For MS/MS investigation, the electrophoretic bands were cut into approximately 2 mm fragments and incubated with 200 mM ammonium bicarbonate/50 % acetonitrile mixture for 30 min at 37 ° C. This incubation was repeated. For further MS/MS analysis, destained gel fragments were prepared as described previously ( Grzyb et al. 2008 ).
Statistical analysis
All mean values were determined in 3-9 replicates and are presented with the SD. The data were analyzed statistically using the t -Student analysis of variance. 
